We report new high-resolution measurements of the heat capacity of liquid helium to within 2 nK from the lambda transition, performed with a large sample in earth orbit. The optimum value for the critical exponent characterizing the divergence of the heat capacity below the transition was found to be 20.01285, giving improved support for the renormalization-group theory of phase transitions. Some information on the temperature dependence of the thermal conductivity just above the transition was also obtained. PACS numbers: 67.40.Kh, 65.20.+w One of the most basic quantities of interest near a critical phase transition is the temperature dependence of the heat capacity. Experimentally, this is an ideal property to study because of its accessibility and relative freedom from artifacts. From the theoretical perspective, it is well defined and calculable at least approximately for virtually any condensed-matter model containing a critical point. Since Onsager's exact solution [1] of the two-dimensional Ising model, which exhibited a symmetric logarithmic behavior of the heat capacity, there has been a great deal of interest in the detailed comparison of real system behavior with the models. For the lambda transition of helium a very nearly logarithmic singularity was measured [2] , while an apparently similar behavior was seen [3] for the gas-liquid critical point. As the experimental work become more precise, the logarithmic asymptotic form was ruled out, first for xenon [4] , for the gas-liquid singularity, and then for the lambda point [5] , at least on the low temperature side. The heat capacity singularities now appear to be adequately represented by the simple asymptotic form C p At 2a ͑1 1 Dt D ͒ 1 B, where t j1 2 T͞T c j and T c is the transition temperature [6]. Near the gas-liquid critical point the leading exponent a was found [7] to be close to 0.1, while at the lambda point a small negative value was obtained [8] indicating a finite heat capacity maximum. Among other things, these experiments showed that logarithmic singularities in nature must be the exception rather than the rule.
One of the most basic quantities of interest near a critical phase transition is the temperature dependence of the heat capacity. Experimentally, this is an ideal property to study because of its accessibility and relative freedom from artifacts. From the theoretical perspective, it is well defined and calculable at least approximately for virtually any condensed-matter model containing a critical point. Since Onsager's exact solution [1] of the two-dimensional Ising model, which exhibited a symmetric logarithmic behavior of the heat capacity, there has been a great deal of interest in the detailed comparison of real system behavior with the models. For the lambda transition of helium a very nearly logarithmic singularity was measured [2] , while an apparently similar behavior was seen [3] for the gas-liquid critical point. As the experimental work become more precise, the logarithmic asymptotic form was ruled out, first for xenon [4] , for the gas-liquid singularity, and then for the lambda point [5] , at least on the low temperature side. The heat capacity singularities now appear to be adequately represented by the simple asymptotic form C p At 2a ͑1 1 Dt D ͒ 1 B, where t j1 2 T͞T c j and T c is the transition temperature [6] . Near the gas-liquid critical point the leading exponent a was found [7] to be close to 0.1, while at the lambda point a small negative value was obtained [8] indicating a finite heat capacity maximum. Among other things, these experiments showed that logarithmic singularities in nature must be the exception rather than the rule.
Our understanding of cooperative transitions was significantly advanced with the development [9] of the renormalization-group (RG) approach to the fluctuation problem. The RG theory has not only explained a wide range of experimental results in critical phenomena, but the concept has opened up the possibility of solving a significant number of problems that are among the most difficult in theoretical physics. Successful applications of the RG approach range from statistical physics to elementary particle physics. While these successes are considerable, it should be noted that the quantitative experimental support for the theory rests primarily on its predictions for critical phase transitions. Of all the results to date, there are only a few testable predictions in this field that can be considered exact. The most significant predictions are the relationships between groups of exponents, and the universality (or system independence) of certain key parameters. For example, the exponent a is expected to be the same for all systems falling within a given class, defined by the spatial dimensionality d of the system and the number of degrees of freedom n of its order parameter. Additional predictions of the theory are generally based on perturbation-expansion techniques or other approximation schemes. These methods have shown how the exponents depend on n and d, explaining the differences between the critical and lambda points. Also they have given rise to estimates [10, 11] of the exponents characterizing the asymptotic singular behavior of various thermodynamic quantities in particular systems.
To test this theory, one clearly needs the most accurate exponent values possible, for comparison with both the detailed and broad predictions. Here the lambda transition is of great utility because of the weakness of the singularity in the compressibility of the fluid, the purity of the sample, and recent developments in thermometry. This situation allows the various exponents to be measured with exceptionally high accuracy. Key tests currently focus on the values obtained for the exponents z , characterizing the singularity of the superfluid density, and a. In this paper we report the results of a new heat capacity experiment performed in space to minimize gravity-induced broadening of the transition, and compare the observations with both predictions and earlier measurements. The experiment has led to a reduction by about a factor of 6 in the uncertainty of the exponent a at the lambda point of helium. We conclude that the new results lend further support to the RG theory, with the level of testing now limited by the accuracy of the theoretical calculations. We also briefly report on some associated thermal relaxation data which is of relevance to dynamic RG theory.
Our experiment was flown on the Space Shuttle in October 1992 as part of the USMP-1 payload. The primary objective of the mission was to measure the heat capacity below the transition with the smearing effect of gravity removed and derive an improved value for a. Secondary goals were to collect heat capacity and thermal relaxation data on the high-temperature side as time permitted. Because of noise problems due to cosmic-ray impacts, almost all the mission was devoted to the primary goal. The sample was a sphere of helium 3.5 cm in diameter contained within a copper calorimeter of very high thermal conductivity [12] . The calorimeter was attached to a pair of high-resolution paramagnetic-salt thermometers (HRTs) [13] with noise levels in the 10 210 K range, and suspended from a multistage high-stability thermal isolation system. The basic design of this system was similar in concept to that [14] used for earlier ground heat capacity measurements [15] of samples with small vertical height, but was ruggedized to survive launch. It was housed within the Low-Temperature Research Facility [16] , a helium dewar and associated hardware developed for Shuttle experiments by the Jet Propulsion Laboratory (JPL). The heat capacity was measured by the heat-pulse method to within about 2 nK of the lambda point, and the thermal relaxation to within 3 nK. Particle radiation was found to inject clearly detectable thermal spikes into the sensing elements of the HRTs, resulting in a significantly higher noise figure in flight compared with ground-based experiments. This effect was the primary factor limiting the accuracy of the heat capacity results.
The useful resolution of measurements at the lambda point on Earth is limited in principle by the competition between finite-size effects and the pressure dependence of the transition temperature [17] . The rounding expected from finite-size effects is not known exactly, but an estimate can be made by using simple scaling and correlation length arguments. Experiments [18] show that the heat capacity curve exhibits a finite maximum slightly below the bulk transition temperature when the correlation length becomes a significant fraction of the characteristic sample dimension, at least for length scales of up to a few microns. From the power law behavior of the correlation length we can easily extrapolate this rounding to larger sample sizes. For our case we expect a heat capacity maximum of about 133 J͞mole K occurring about 10 211 K below the bulk transition. Although transition broadening due to pressure gradients can be calculated [19] with a great deal of confidence, in a flight experiment the residual acceleration is quite variable, and this broadening effect can be bounded only roughly. The low-frequency residual acceleration in the Shuttle is generally no more than 2 3 10 26 g below 0.03 Hz, the frequency range of interest here. From this number and the slope of the lambda line we obtain a pressure broadening of about 10 211 K. Transient acceleration amplitudes on the order of 10 23 g exist, generally in the form of high-frequency spikes, but since we are concerned only with the energy of the sample, they have little direct effect on the results. As one moves further from the transition, both effects can be characterized by rapidly decreasing deviations of the heat capacity from its ideal singular form. These were estimated to be ,0.1% at temperatures .2 nK from the transition, and are negligible in the data analysis. The gas supply from which the sample was drawn was found to contain about 0.45 ppb 3 He impurity, which would lead to a negligible renormalization of the exponent [20] over the range of the measurements.
The heat capacity results over the whole range measured are shown on a logarithmic temperature scale in Fig. 1 . It can be seen that there is no sign of transition broadening within the resolution of the experiment. To compare the observations with theory, we fit the data using functions of the type
where the parameters A, B, D, E, a, and D can be independently adjusted on each side of the transition. By convention, the exponents and constants are primed below the transition to distinguish them from those above. In Eq.
(1), the first and last terms represent the asymptotic singular form, while the other two terms represent the confluent singularity and a slowly varying background, which is carried to allow for higher-order effects in the region far from the transition. In addition to the predictions for the exponents, a number of universal relationships are expected [21] to exist between the parameter values on the two sides of the transition, giving us a wide selection of possible constraints or tests. In general, we need some constraints in the data analysis to decrease the effects of correlations between the parameters. optimized. It can be seen that the fit is excellent, indicating that Eq. (1) is an adequate asymptotic representation of the data. The lower parts of the figure show for comparison the deviations of selected ground measurements from the same function. Figure 2(b) shows the data of Lipa and Chui [15] as given in their Fig. 2 , obtained with a cell 3 mm high. Also shown by the broken curve is the expected heat capacity in the Earth's gravity field [24] . Data obtained with a 0.3 mm high cell are also available [25] , but these results are noticeably distorted by finitesize effects. Figure 2(c) shows the data of Ahlers [26] obtained with a cell 1.59 cm high, plotted in a similar fashion. Given the scale factor uncertainties in these latter two experiments, 1.5% and ϳ1%, respectively, the overall level of agreement between the data sets is encouraging. Careful attention was paid to all aspects of calibration of the flight experiment, and the heat capacity values are expected to be reliable to within 0.2% using the EPT-76 temperature scale. It is clear that the new results give us the opportunity for extending the testing of the theoretical predictions much closer to the transition than was possible previously, avoiding the severe limitations of gravity in the ground experiments.
A direct test of the RG theory is to compare the value of the exponent a with predictions based on approximate expansion techniques. The optimum value for a 0 obtained from the curve fitting was 20.01285 6 0.00038. This result is in agreement with two theoretical estimates [10, 11] , but the experimental uncertainty is much lower. We hope that our measurement stimulates work in this area. The various experimental and theoretical values for a 0 are collected in Table I . It can be seen that the uncertainty in the new result is about a factor of 6 smaller than that obtained in the ground experiments. Another important check on the RG theory can be obtained by including ground results for z and testing the exact relation [30] , a 0 2 2 3z . Recent measurements [31, 32] give z 0.6705 6 0.0006, and 0.6708 6 0.0004. The corresponding values for a 0 are 20.0115 6 0.0018 and 20.0124 6 0.0012, respectively. Both of these values, with their uncertainties, nicely overlap the flight result. The value we obtain for the magnitude of the confluent singularity term, D 0 20.0228 6 0.003, is in good agreement with the previous experimental estimate [33] , 20.020.
Substantially less heat capacity data was collected on the high temperature side of the transition due to mission time constraints. Also, this data was of lower accuracy because of the need to wait for thermal equilibration after each heat pulse. The data collected extends over the range 3 3 10 29 , t , 2 3 10 26 . Because of its relatively low accuracy, a detailed comparison of this data with theory is not warranted. Nevertheless, we fit the data with Eq. (1), constraining all parameters except A to be the same as on the low temperature side. We found that the ratio A͞A 0 of the leading coefficients was 1.054 6 0.001. This agrees well with the value found in the most recent experiment at the vapor pressure [15] . The curves shown in Fig. 1 are the best fits to the two branches of the data.
Above the transition, the calorimeter temperature initially overshoots its equilibrium value when a heat pulse is applied, due to the finite thermal conductivity of the helium. The resulting relaxation data and an estimate of the heat capacity allow us to derive values for the thermal conductivity, using the expression [34] K a 2 rC p ͞6.62t, where t is the relaxation time for the slowest thermal transients, r is the density, and a is the radius of the sample. In Fig. 3 we compare this data with the behavior predicted by a fit of the dynamic RG calculations of Dohm [35] to the measured thermal conductivity [36] further away from the transition. It can be seen that there is reasonable agreement with the functional form predicted by the model. In particular, the data in Fig. 3 imply that the effective amplitude [35] R l continues to increase as T l is approached. However, the best fit to our data would be about 10% higher than the curve shown.
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